Abstract: Droplet size, which is affected by nozzle type, nozzle setups and operation, and spray solution, is one of the most critical factors influencing spray performance, environment pollution, food safety, and must be considered as part of any application scenario.
Introduction
Ensuring maximum biological efficacy of an agrochemical spray application, while mitigating off-target movement, requires consideration of the setup of the sprayer system. It needs particularly with respect to nozzle selection and operation. Both of which significantly affect the resulting droplet size, which in turn significantly influences spray deposition, biological efficacy, PPP losses (aerial drift, volatilization, ground sediment) (Hewitt 1997a, b; Matthews 2000; Dorr et al. 2013) , and residues (Czaczyk and Gnusowski 2007) . Through the use of different nozzle types and sprayer operational settings, the generated droplet size spectra can easily be influenced across a wide range of available potential of droplet sizes. These parameters are critically important in providing advice to supporting plant protection (Doble et al. 1985; Gajtkowski 1985; Matthews 2000; Giles et al. 2005; Czaczyk 2013) . Knowing the actual atomization characteristics and, particularly, droplet size classification, can be difficult as actual droplet size information is not typically provided by a nozzle manufacturer across large combination of flow rate and operational pressures within a given nozzle type.
The description flow rate* for nozzle designation is more adequate to use, because for air induction nozzles the flow rate is determined at the inlet (diameter). The size of outlet (cross area and geometry) of flat fan nozzles influence the form of spray shape -the spray angle and atomization characteristics (Dorr et al. 2013) . The description of orifice size e.g. 02 (i.e. two US liquid gallons per minute at 276 psi pressure) comes from the visiflo system proposed in 1983 by Spraying Systems Co. ® . For the agricultural nozzles exist since 2005 an international standard in metric units ISO 10625 (2005) . For the description 02, at 300 kPa pressure, the flow rate is 0.8 l · min -1 (±5% tolerance).
Developing databases of droplet size data and classification for a given nozzle type can be time consuming and expensive given the large number of potential combinations of flow rate* and pressure for any given nozzle (Czaczyk 2012a, b; Douzals 2012; Dorr et al. 2013; Fritz et al. 2014a, b) . As an example a typical flat fan type nozzle may have as many as 10 (or in some cases more) flow rate* available, and may have a recommended operational pressure range covering 100 to 800 kPa. Were every flow rate* to be tested at each 100 kPa of pressure, 80 treatment points would have to be evaluated to provide droplet size data that covered this nozzles full operating range. Kirk (2007) applied a response surface method (RSM) experimental design, which uses a coded set of treatment combinations from the potential factors influencing atomization phenomenon and droplet size. This original application of the RSM design focused on aerial application spray nozzles whose droplet size was influenced by four primary factors, for a given nozzle type. These included flow rate*, spray pressure, air speed and nozzle orientation. This method used a set of 27 experimental data points that allowed for the development of a second-order regression equation that calculated droplet size based on user-defined specifications of the four main factors (Kirk 2007) . This method was further applied to a limited set of ground application spray nozzles used in the United States of America and was shown to provide high levels of fit from the model when compared to independently evaluated tested points (Fritz et al. 2016) .
The evaluation of droplet size from agricultural sprays is potentially impacted by the measurement method (Hammond 1981; Tishkoff 1984; Hewitt 1997a ) and instrumentation (Dodge 1987) used. While a detailed discussion of these factors is beyond the scope of this work Fritz et al. (2014b) , has shown that careful attention to measurement setups and operational settings can lead to droplet size results with inter-and intra-laboratory repeatability and precision. The methods developed in that work are adopted for this study and discussed in greater detail in the methods.
The objective of this work was to evaluate a set of ground nozzles used for agrochemical applications in Poland, using a definitive screening response surface model experimental design to develop predictive droplet size models for each. Further, to evaluate the complete operational space to better understand the spray characteristics of each nozzle tested, and provide to plant protection products (PPP) application advisors as a Decision Support System (DSS) at no cost.
Materials and Methods
Ground application nozzles were evaluated for droplet size following a definitive screening experimental design. The measured data were fit to a mathematical prediction expression in the form of a response surface. The completed models were integrated into an Excel spreadsheet user interface that provides both droplet size and classification data to the user. Droplet measurement and data analysis methods as well as the nozzles tested and experimental design used are discussed in the following sections.
Definitive screening designs for response surface models
Five different types of flat fan nozzles (multiple designs) were selected for testing ( Study conducted on MMAT nozzles, for an optimized use them for crop protection, according requirements of PPP labels. Each nozzle was evaluated over a range of flow rate* and spray pressures, as specified in Table 1 .
All experimental designs were developed and data processing completed using JMP ® (Version 11.1.1, 2013 SAS Institute). For all tested nozzles, flow rate* was set in the model as a discrete factor with each flow rate* available set as a level (flow rate* available given in Table 1 ). Spray pressure was set as a continuous variable with maximum and minimum values as given in Table 1 . The final developed models are only applicable across the range of parameters tested and cannot be extended beyond. Treatment lists for each nozzle are given in Tables 2-6. Note that there are some treatments that are identical in each treatment list, these are specified by the experimental design and are typically in the center of the operational space and provide for an increased fit of the model. These runs were separated by a different treatment and not analyzed as a continuous set of replications.
Droplet size measurements
All droplet-sizing measurements were performed at the United States Department of Agriculture (USDA), Agricultural Research Service (ARS) Aerial Application Technology Research Unit's laboratory located in College Station, Texas. A low speed (0.4 -8.0 m · s -1 air speed range) airflow tunnel (1.2 by 1.2 m, by 9.8 m long) was used to provide concurrent airflow (Rh ~70%, t ~20°C) to the nozzle. A concurrent airflow of 6.7 m · s -1 was used (Hewitt 1997a , b -who first determined the wind tunnel speed necessary to mitigate spatial sampling bias) in all nozzle evaluations to minimize spatial sampling errors with the laser diffraction system (Fritz et al. 2012 (Fritz et al. , 2014a . The nozzle positioned upstream of the tunnel exit and 30.5 cm upstream of the line of measurement. All droplet sizing was conducted using a spray solution of water (t ~20°C) with a 0.25% v/v of a 90% non-ionic surfactant (NIS) R-11 ® (Wilbur-Ellis, USA) (Miller and Tuck 2005) , which resulted in a solution with a dynamic surface tension of 0.050 N · m -1 (at 20 ms) and a shear viscosity of 0.44 cP (required in ANSI/ASAE S572.1 standard). This solution was fed to the nozzle from a 19 l stainless steel pressure tank that was pressurized using an air compressor (Campbell Hausfeld, USA). A pressure regulator was used to adjust air pressure into the tank to vary spray pressure at the nozzle. The spray pressure at the nozzle was controlled at each run with and electronic pressure gauge (PX409-100GUSB, Omega Engineering, Stanford CT).
All droplet size data was measured using a Sympatec HELOS Vario/KR ® laser diffraction system (Sympatec GmbH, Clausthal-Zellerfeld, Germany) that was operated using the manufacturer denoted R7 lens which has a dynamic size range of ∅18-3,500 µm across 31 bins. Both the concurrent air stream velocity and the measurement distance were determined from previous work (Fritz et al. 2014a ) to minimize spatial sampling error, and are now standard methods at several droplet size laboratories (Fritz et al. 2014b ). Evaluation of each treatment consisted of a series of replicated measurements, each of which wasone full vertical traverse of the spray plume at a rate of 6.4 cm · s -1 . A sufficient number of replications were made to ensure that the standard deviations of D v0.1 , D v0.5 (VMD), and D v0.9 (the 10, 50 and 90% volume diameters, VMD -volume median diameter) were within ±5% of the means (minimum of three replications). Additionally, the percent volume of the spray (V <100 ) contained in droplets of diameter below ∅100 µm (% vol ) was also recorded (ASABE 2012; Czaczyk 2013 Czaczyk , 2014 . Recorded droplet size data is included in Tables 2-6 alongside the nozzle/pressure combinations evaluated.
Droplet size classification
The reference nozzles, as specified by the ANSI/ASAE S572.1 spray classification standard (ASABE 2009), were evaluated for droplet size as part of this work. The reference used nozzles were a set obtained from Spraying Systems Co. ® (Wheaton, IL) that were flow rated to meet the levels specified in the standard. Droplet size measurements were taken for each nozzle at the reference pressures specified (ASABE 2009) [450, 300, 200, 250, 200 
Data processing
All data collected for this work were processed using the JMP ® (Version 11.1.1, 2013 SAS Institute). These D v0.1 , D v0.5 , D v0.9 , and V <100 were coded as the response variables for each nozzle treatment. A standard least squares analysis was used to fit a model to a second-order response relationship with factors X 1 [flow rate* (ISO 2005)] and X 2 (spray pressure) (Eq. 1). The two constants C subi and C divi are subtraction and division terms, respectively, used to adjust each X i input term to a value between -1 and 1. These values are unique to each nozzle and are dependent on the maximum and minimum flow rate* and spray pressures. where: Y = atomization parameter to be predicted based on input combination of X 1 through X 2 (i.e. D v0.1 , D v0.5 , etc.); X 1 = flow rate* (unitless, specific orifice number for each nozzle according ISO 10625 (2005); X 2 = spray pressure (bar), (100 kPa = 1 bar); C subi = constant subtraction term; C divi = constant dividend term; A to F = constant coefficients for each term of the prediction expression (unitless and unique for each nozzle).
Once the final models were developed, the entire operational space, across all combinations of spray pressure and flow rate* was evaluated for droplet size classification (DSC). To determine DSC for each nozzle operational point, the D v0.1 , D v0.5 values were compared to those from the ASABE reference nozzles with DSC being determined following the methods outline by the standard. To evaluate all operational combinations for each nozzle, a custom FORTRAN (Simply Fortran Ver. 2.15, Approximatrix LLC) code was used. The results were then evaluated to determine overall DSC percentage across each operational space of each nozzle.
Results

Computational model parameters
The parameters A through F for each nozzle tested, as well as the C subi and C divi for each of the nozzles tested are given in the Appendix in Tables A1 through A6 . Using these values and Equation 1, droplet size parameters can be calculated for combinations of flow rate* (X 1 ) and spray pressure (X 2 ) that fall within the ranges specified for each nozzle (Table 1 ). The figure 1 shows an example of calculated atomization characteristics for EZ 11002 nozzle.
EZ nozzle
The R 2 values for the response surface models (RSM) were 0.80, 0.80, 0.75 and 0.74 for D v0.1 , D v0.5 , and D v0.9 and V <100 curve fits, respectively. Previous models developed for typical flat fan, air induction flat fan, and twin jet flat fan and air induction flat fan nozzles have typically had R 2 values of 0.92 or higher (Fritz et al. 2016) . The flow rate* and pressure were significant factors for D v0.1 (p values of 0.0246 and 0.0420, respectively). However, flow rate* by flow rate*, pressure by pressure, and flow rate* by pressure effect were not significant. Similar results were seen with D v0.5 with flow rate* and pressure being significant (p values of 0.0226 and 0.0354, respectively) and the other parameters not significant. As observed at the D v0.9 only pressure was a significant factor (p = 0.0238) and for V <100 none of the parameters were significant. The actual droplet size data shows that these results are not surprising as D v0.1 data ranges from ∅120 to 220 µm across all flow rate* and pressure combinations, while D v0.5 data ranges from ∅263 to 439 µm, D v0.9 data ranges from ∅484 to 814 µm and V <100 ranges from 1.2 to 6% vol . While these ranges are fairly typical some of the flow rate* and pressure combinations that would be expected to be quite different are very similar. For example data from the 015 flow rate* at 390 kPa shows D v0.1 , D v0.5 , and D v0.9 and V <100 values of ∅170, 384, 707 µm, and 2.7% vol , respectively. Similarly for the 08 flow rate* at 600 kPa we see values of ∅165, 382, 653 µm and 2.8% vol for D v0.1 , D v0.5 , and D v0.9 and V <100 , respectively. Similar data is seen with the 06 flow rate* at 430 kPa (∅169, 384, 642 µm, and 2.2% vol for D v0.1 , D v0.5 , and D v0.9 and V <100 respectively). With little change observed across different flow rate* and pressures, the RSM type prediction models did not result in high level fits.
EZK nozzle
The R 2 values for the RSM were 0.83, 0.83, 0.82 and 0.73 for D v0.1 , D v0.5 , and D v0.9 and V <100 curve fits, respectively. These models showed only marginally better fits than the EZ design. Only pressure was a significant factor for D v0.1 (p value of 0.0073). Similar results were seen with D v0.5 , D v0.9 , and V <100 with only pressure being significant for both (p values of 0.0066, 0.0061, and 0.0197 respectively). The droplet size data supports these results. Regardless of flow rate* by droplet size by spray comparison shows D v0.1 values of ∅253, 213 and 210 µm for the 200 kPa spraying pressure, ∅146, 145, 177, 173 and 172 µm for the 400 kPa and finally ∅161, 148 and 139 µm for the 600 kPa. These trends hold for D v0.5 , D v0.9 and V <100 as well.
EZKT nozzle
The R 2 values for the RSM were 0.81, 0.78, 0.78 and 0.52 for D v0.1 , D v0.5 , and D v0.9 and V <100 curve fits, respectively. These models showed lesser fits than either the EZ or EZK nozzle designs. Like the EZK design, only pressure was a significant factor for D v0.1 , D v0.5 , and D v0.9 (p value of 0.0219, 0.0280, and 0.0380, respectively). However, none of the factors were significant predictors of V <100 . From the droplet size data, we can see similar trends to the EZK nozzle, though not with quite the same level of strength (as indicated by the higher p values). At the 200 kPa, D v0.1 values were ∅139, 146 and 153 µm, while at 400 kPa were ∅126, 146, 105, 154 and 156 µm, and at 600 kPa were ∅260, 176 and 271 µm. Similar trends are seen with D v0.5 and D v0.9 . This nozzle is not typical compared with most hydraulic nozzles as an apparent increase in droplet size occurred with an increase in pressure, which is also indicated by the decrease in V <100 (0.5 to 1.9% vol at 600 kPa compared to 3.1 to 8.8% vol at 200 and 400 kPa).
AZ nozzle
The AZ nozzle showed significantly better models fits with R 2 values of 0.99 for D v0.1 , D v0.5 , and D v0.9 and 0.98 for V <100 . Both flow rate* and pressure were significant factors for all droplet size metrics with their interaction and square effects significant in most cases (at the α = 0.05 level).
RS nozzle
The RS nozzle also showed good models fits with R 2 values of 0.99 for D v0.1 , D v0.5 , and D v0.9 and 0.92 for V <100 . Again, flow rate* and pressure were significant factors for all droplet size metrics with their interaction and square effects being significant in most cases (at the α = 0.05 level). The RS nozzle represents that largest span in flow rate* of those tested in the work and the trends in droplet size are much more obvious in its data with the smallest flow rate* showing much smaller droplet sizes and greater fines that the largest flow rate*. One of the exceptions with respect to the significant factors was the flow rate* by pressure effect (p values ranging from 0.1 to 0.38). This is readily apparent in the droplet size data looking at the 20 orifice (flow rate*) data where both the maximum and minimum pressures were evaluated. While droplet size trends were as expected (smaller at higher pressures) the difference is not as dramatic as compared to droplet size for the 03 flow rate* at the same pressure.
Integration into Excel based user interface
The developed models were integrated into an automated user interface (UI) using Microsoft Excel (Fig. 1) . The UI requires the user to select the nozzle type followed by selecting the flow rate* and spray pressure combination for which droplet size data is desired. Along with returning the model calculated for D v0.1 , D v0.5 , and D v0.9 and V <100 , the data is compared to the ASAE/ANSI S572.1 (ASABE 2009) to determine droplet size classification.
Discussion/Conclusions
Actually don't exist any advising system for atomization characteristics unified with PPP labels. A structured evaluation method was proposed and conducted to evaluated, and ultimately develop a DSS, for agricultural spray nozzles. Measurements of the droplet size spectrum were made for a variety of MMAT nozzles and used to develop the proposed DSS. Using the proposed response surface experimental design method allows for the creation of a computational model which provides droplet size data for a given spray nozzle based on the operational settings. Using the developed model, application treatments can be setup to account for specific scenarios (weather, crop, pest, tank mix, technique) in the field to follow Integrated Pest Management (IPM) requirements (obligation in EC28 since January 2015). The developed models are readily available for use with common spreadsheet software. While the data in this manuscript is limited to a select number of MMAT nozzles, the method proposed can be readily used for any agrochemical hydraulic spray nozzle. This model based method can be professional support for advisors in crop protection and field sprayer operators adequate to different field scenarios. The activation of this Thanks analyze of tested nozzle set, could be concluded, that the twin jet flat fan air induction nozzle (EZKT) that is not typical with most hydraulic nozzles is an apparent increase in droplet size with an increase in pressure which is also indicated by the decrease sprayed liquid volume in size below ∅100 µm (V <100 ).
The offered option of DSS confirmed big potential of spray characteristics to improve safety and efficiency of PPP application, on very easy and cheap way. Further research according proposed solution, and implementation is possible. Table A1 . Subtraction and division terms (Eq. 1) used to convert factor inputs to model coded inputs (-1 to 1) 
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